Abstract. The goal of this study was to evaluate the effects of 1) soybean oil sprinkling (SOS), 2) misting of essential oils (MEO), and 3) misting of essential oils and water (MEOW) on ammonia (NH
INTRODUCTION AND OBJECTIVES
Long-term measurements of air emissions from swine facilities have shown that odor, PM and gas emissions may be significant, especially at large sites (Ni et al., 2000 (Ni et al., , 2002 . Thus, abatement methods may be needed for the sustainability of the industry. Sprinkling vegetable oil in the barn (Zhang et al., 2002) is one abatement method that significantly reduces PM (Godbout et al., 2001) . Since PM carries gas molecules, its effect on gases and odor have been tested but results have been mixed (Riskowski, 2003) . Essential oils to control odor are commercially available and cost significantly less than soybean oil. Therefore, the objectives of this field test were to:
1. Investigate whether substantial abatements of gas, PM, or odor emissions from swine finishing barns occurred by sprinkling soybean oil or misting essential oils. 2. Determine mean emissions from a fan-ventilated swine finishing barn with a pit flushing system.
METHODS AND PROCEDURES
This project tested two fan-ventilated swine finishing barns (61 m long x 13.2 m wide x 2.4 m high) that were located at a 1995 8-barn swine finishing site. Each 1,100-hd barn had two rows of 24 pens with a center alley and four shallow manure gutters under a fully-slatted concrete floor ( fig. 1 ). Each gutter was flushed four times daily with lagoon effluent for about 12 individual flushing events daily in each barn. The barns had 1.5-m curtains on both sidewalls. Ventilation air typically entered the barn from the attic through the eaves and into the room through passive gravity-operated ceiling air inlets. The barns were tunnel ventilated during warm weather. In each barn, four 1.22-m diameter belted exhaust fans (Airstream Model GPMA-36) were banked on the west end wall along with one continuous 0.91-m direct-drive variable speed fan (AVS Model MXB-4815). Each barn was ventilated in 5 stages based on temperature (Heber et al., 2002a, b) . The north and south barns were denoted as B7 and B8, with B7 serving as the control barn. New pigs came into the barns at about 25 kg and were harvested at about 123 kg. The pig growth cycle was 4 to 5 months long.
Odor, ammonia (NH 3 ), hydrogen sulfide (H 2 S), non-methane hydrocarbons (NHC), total suspended particulate (TSP), and particulate matter (PM) less than ten microns diameter (PM 10 ) were the focus of this study. The barns were compared to evaluate effects of abatement methods while overall long-term measurements at B7 were useful for determining baseline emission rates. First, a soybean oil sprinkling (SOS) system (Jacobson et al., 2001 ) automatically applied soybean oil daily in the treated barn. Second, essential oils were atomized into the treated barn. The essential oils application was later modified by atomizing a mixture of essential oils and water.
The trials were: 1) SOS in the first cycle, 2) SOS in the second cycle, 3) misting of essential oils (MEO) in the second cycle, and 4) misting of essential oils and water (MEOW) in the third. A "complete day" for a given variable was defined as a day with more than 80% of the data judged to be valid. Only data collected under the "complete days full barn" (CDFB) condition was considered as valid for comparing the barns. The effects of treatments on air emissions were determined based on the statistical t-test by comparing paired sample daily mean concentrations and emissions taken under CDFB conditions. The automatic SOS system was installed in B8 and oil was sprinkled daily for 111 valid days from 8/28 to 2/28. From 3/5 to 4/10, essential oils were misted into B8. A mixture of essential oils and water was atomized in B8 from 6/24 to 7/21. The gas sampling system (GSS) was located in an environmentallycontrolled trailer (Heber, et al., 2002a) . The GSS facilitated automatic sequential gas sampling from the exhaust of each barn and ambient air through Teflon tubes at 4 L/min. PM at the sampling probe was removed by a filter which was replaced at least biweekly. Heat tapes prevented sample line condensation. The exhaust sampling location was 1 m from the continuous winter ventilation fan which was located in the center of the end wall. The three gas streams were computer selected for sampling by the gas analyzers. Odor samples were collected with a needle valve.
Air was sampled continuously for one sampling period at each gas sampling location (GSL). Initially, a 10-min sampling period was used, however after observing large peaks in H 2 S and CH 4 concentration corresponding to 2-min pit flushes occurring at 30-min intervals, the sampling period was increased to 60 min for the exhaust GSLs on Aug. 28. Later, the ambient sampling period was increased from 10 to 20 min because of slow stabilization of the NH 3 analyzer to relatively low ambient concentrations on Sept. 23. Ammonia was measured in real time with a chemiluminescence-based NH 3 analyzer (TEI Model 17C). The analyzer consisted of a NH 3 converter module and a NO-NO 3 -NOx analyzer with a range of 1 ppb to 100 ppm. The analyzer full scale was 20 -100 ppm depending on the season. The analyzer was set to operate in the total nitrogen mode, thus assuming that NO and NO 2 were negligible. Hydrogen sulfide was first converted to sulfur dioxide (SO 2 ) with an H 2 S converter (TEI Model 340). The SO 2 was measured with a pulsed fluorescence SO 2 detector (TEI Model 45C) (EPA Method EQSA-0486-060). The SO 2 analyzer had a range of 0.01-10 ppm, a response time of 60 s, a 0.5 L/min sample flow rate, a precision of 1% of reading or 1 ppb (whichever is greater) and a 60-s averaging time. Carbon dioxide was measured with a photoacoustic infrared gas sensor (MSA Model 3600). The sensor utilized dual frequency photoacoustic infrared absorption and was corrected for water vapor. Its range was 10,000 ppm with a guaranteed precision of +/-2% of full scale. The sample flow rate was 1.0 L/min.
The methane and total NHC concentrations were determined in real-time with a back-flush GC system with a flame ionization detector (TEI Model 55C) in accordance with U.S. EPA Reference Method 25. It was an automated batch analyzer that repeatedly collected and analyzed small amounts of sample. Its sensitivity was 75.1 µg/m 3 of NHC as propane.
Routine zero and span checks were conducted twice weekly using a 5.0-L/min, 6-port diluter (Environics Model 4040) that allowed computer-controlled calibrations and programmable gas concentrations. A 6-port manifold directed diluter output to either barn while gas analyzers operated in their normal sampling mode. Certifications for calibration gases were conducted according to EPA protocols, except for NH 3 . The certified gases consisted of zero air, NO in N 2 , NH 3 in air, SO 2 in N 2 , H 2 S in N 2 , and CO 2 in N 2 . The methane/NHC analyzer used a 2-point calibration including zero and span. The analyzer was internally programmed for automatic daily calibrations. The FID response was based on the unit mass of carbon, and n-hexane (2.0 ppm) was used as the calibration gas.
The PM 10 and TSP concentrations in each barn and ambient air were monitored with the "Tapered Element Oscillating Microbalance" (TEOM) (Rupprecht & Patashnick Model 1400a Ambient PM 10 Monitor), a continuous PM monitor approved by U.S. EPA as an equivalent method (EPA EQPM-1090-079) for PM10 (Heber et al., 2002b) . The TEOMs were located inside each barn near the inlet of the 91-cm fans. The TEOM inlets were changed weekly between PM 10 and TSP. Ambient or background PM concentrations were monitored with a TEOM mounted on the instrument shelter.
Air samples were collected using the GSS and evaluated by dynamic olfactometry at Purdue University (Lim et al., 2003) . Air samples were collected into 10-L Tedlar bags every two weeks from exhaust air in triplicate and ambient air in duplicate. The sample lines from each barn were purged for 7 min to reduce absorption losses and 2-4 L of sample air were introduced into each bag and removed before filling it about 2/3 full with sample air. Odor intensity of sample air was compared by panelists with an n-butanol-in-water reference scale and expressed as equivalent concentration of n-butanol in water (ppm BIW). Hedonic tone (HT) and character were also subjectively assessed by panelists. The HT was subjectively rated from -10 (extremely offensive) to 0 (neither pleasant nor offensive).
Barn static pressure and fan status were recorded with bi-directional small propeller anemometers (SPA) (R.M. Young) positioned in front of each fan (Heber, 2003) . The FANS (fan assessment numeration system) was utilized to measure in-field airflow rates of fans 1, 3 and 5 of B7 and fans 6, 8 and 10 of B8 on 4/15. A pressure-based airflow curve was found for each SPA.
Electronic transmitters (Vaisala Model HMW61) monitored temperature and humidity at barn exhaust fans. The HUMICAP TM sensor in these units had ±2% accuracy between 0 and 90% RH and ±3% between 90 and 100% RH. A Vaisala salt calibrator was used to calibrate sensors before the study. A portable RH/temp probe (Vaisala Model HMP46) was used to check them during the study. A +/-100 Pa pressure sensor (Setra Model 267MR) was used to measure barn static pressure. Wind was monitored with a cup anemometer (RM Young) mounted about 10 m high between B7 and B8. Solar radiation was monitored with a pyranometer (Li-COR). Three activity sensors (Visonic Model SRN-2000) monitored pig activity in each barn. Flushing and heaters were also monitored (Heber et al, 2002) .
Mean pig mass was estimated from the mean weights and animal numbers provided by the producer whenever there was ingress or egress of pigs, e.g. initial stocking of the barn, mortalities, harvesting, etc. The tests were conducted with three consecutive pig growth cycles. A growth cycle was defined in this paper as the period of time during a trial when both barns were 80% full of pigs ("full barn").
Since time was required for each gas analyzer to equilibrate after switching sequentially to a new sampling gas stream, the first several readings during each sampling period were flagged invalid. The equilibrium time varied for each analyzer and analyzer condition. During each sampling cycle, only a limited number of valid readings were recorded for a given sampling location. To obtain continuous gas data to match continuous airflow, the data in long intervals between valid readings were estimated by linear interpolation. The maximum intervals of missing data that could be interpolated were 420 min for ambient air and 280 min for exhaust air.
RESULTS
The basic statistics of several environmental variables over the entire test period are in table 1. All means for gases and particulates (TSP and PM 10 ) in this paper are average daily means (ADM). Results of ADM concentrations and emissions of gases, TSP and PM 10 are listed in tables 3 and 4. Means of odor and other variables are listed in table 5.
Barn and Weather Characteristics
The first 
Ammonia Concentrations and Emissions
The daily mean NH 3 concentrations ranged from 1.20 to 36.8 ppm (table 3) . For CDFB data in B7, the mean NH 3 concentration was 17.9 ppm (n=132) and mean emission rate was 55.2 g/d-AU (n=127). The effects of ventilation and pig mass on daily mean NH 3 concentrations and emissions showed strong interactions ( fig. 3 ). In trial 1, mean concentrations (n=27) were 15.8±1.87 ppm and 12.6±1.5 ppm in B7 and B8, and mean emissions were 62.3±8.53 g/d-AU and 49.1±5.21 g/d-AU in B7 and B8 respectively (table 2). In trial 2, mean concentrations (n=27) were 25.1±2.77 and 21.2±2.80 ppm, while mean emissions were 59.7±8.03 g/d-AU and 46.0±6.79 g/d-AU in B7 and B8. In trial 3, mean concentrations (n=9) were 20.1± 5.04 and 15.4±2.50 ppm and mean emissions were 44.1±3.60 g/d-AU and 34.8±4.28 g/d-AU in B7 and B8. In trial 4, mean concentrations (n=20) were 4.20±0.59 and 3.23±0.39 ppm and mean emissions were 45.8±3.68 g/d-AU and 37.1±3.14 g/d-AU.
Hydrogen Sulfide Concentrations and Emissions
The daily mean H 2 S concentrations ranged from 0 to 341 ppb (table 3) . In B7, the mean H 2 S concentration (n=153) was 97.9 ppb and the mean emission rate (n=129) was 0.72 g/d-AU (fig. 3) . The concentrations and emissions of B8 were never significantly lower than B7. In trial 1, mean concentrations (n=45) were 141±19.1 and 142±20.6 ppb and mean emission rates were 1.34±0.16 g/d-AU and 1.26±0.16 g/d-AU in B7 and B8 respectively. In trial 2, the ADM concentrations (n=26) were 73.5±31.5 and 116±41.2 ppb and mean emissions were 0.35±0.17 g/d-AU and 0.49±0.18 g/d-AU in B7 and B8. In trial 3, mean concentrations (n=10) were 171± 56.3 and 221±61.1 ppb, and mean emissions were 0.80±0.34 g/d-AU and 0.91±0.20 g/d-AU in B7 and B8.
NHC Concentrations and Emissions
The daily mean NHC concentrations ranged from 0.18 to 718 ppb (table 4) . In B7, the mean NHC concentration (n=99) was 259 ppb and mean emission rate (n=93) was 3.25 g/d-AU (fig. 4) . In trial 1, mean concentrations (n=5) were 163±36.4 ppb and 93.6±25.3 ppb, and mean emissions were 1.82±0.29 g/d-AU and 1.10±0.21 g/d-AU in B7 and B8 respectively. In trial 2, mean concentrations (n=25) were 333±64.1 and 192±45.8 ppb and mean emission rates (n=24) were 3.82±0.56 g/d-AU and 2.16±0.54 g/d-AU in B7 and B8. In trial 3, mean concentrations (n=5) were 569± 230 and 415±174 ppb and mean emissions were 5.69±0.76 g/d-AU and 4.35±2.17 g/d-AU in B7 and B8. In trial 4, mean concentrations (n=19) were 4.96±3.38 and 2.17±1.44 and mean emissions were 0.19±0.11 g/d-AU and 0.10±0.07 g/d-AU in B7 and B8.
Carbon Dioxide and Methane Concentrations and Emissions
The daily mean CO 2 concentrations ranged from 697 to 6880 ppm (table 3 and the overall mean concentrations were 2633±220 and 2335±187 ppm in B7 and B8 respectively, while the mean emission rates were 17.5±0.91 kg/d-AU and 14.4±0.6 kg/d-AU (fig. 2) . The daily mean CH 4 concentrations ranged from 3.7 to 27.1 ppm (table 3) and the overall mean concentrations were 13.6±0.98 (n=120) and 11.6±0.80 (n=112) ppm in B7 and B8 (fig. 4) . The CDFB mean emission rates were 36.5±2.26 g/d-AU and 29.5±2.15 g/d-AU in B7 and B8.
TSP Concentrations and Emissions
The daily mean TSP concentrations ranged from 98 to 2664 µg/m 3 (table 4) . In B7, the CDFB mean TSP concentration (n=73) was 1424 µg/m 3 and the mean emission (n=70) was 6.07 g/d-AU ( fig. 5 ). For paired CDFB data in trial 1 (n=22), mean TSP concentrations were 720±196 and 289±79.4 µg/m 3 and the mean TSP emissions were 4.84±0.53 and 1.79±0.28 g/d-AU in B7 and B8, respectively. In trial 2, the mean TSP levels (n=15) were 2031±167 and 1452±253 µg/m 3 and mean TSP emissions were 7.12±0.70 and 4.63±0.65 g/d-AU in B7 and B8. In trial 3, mean concentrations (n=6) were 2356±120 and 2325±225 µg/m 3 and the mean emissions were 5.98±0.66 g/d-AU and 6.09±0.87 g/d-AU in B7 and B8. In trial 4, mean TSP concentrations (n=15) were 148±38.7 and 172±45.2 µg/m 3 and mean emissions were 2.01±0.58 g/d-AU and 2.48±0.68 g/d-AU in B7 and B8.
PM 10 Concentrations and Emissions
The daily mean PM 10 concentrations ranged from 33 to 738 µg/m 3 (table 4) . In B7, the CDFB mean PM 10 concentration (n=83) was 334 µg/m 3 and the mean emission (n=75) was 1.6 g/d-AU ( fig. 5 ). For paired CDFB data in trial 1, mean PM 10 concentrations (n=16) were 268±61.1 and 109±33.2 µg/m 3 and the mean PM 10 emissions (n=14) were 1.87±0.16 and 0.61±0.11 g/d-AU in B7 and B8 respectively. In trial 2, the mean PM 10 concentrations (n=13) were 500±60.3 and 160±56.0 µg/m 3 and mean PM 10 emissions (n=8) were 2.04±0.41 and 0.62±0.22 g/d-AU in B7 and B8. In trial 3, mean concentrations (n=4) were 388±158 and 389±210 µg/m 3 and the mean emissions (n=4) were 1.70±0.31 and 1.66±0.87 g/d-AU in B7 and B8. In trial 4, mean PM 10 concentrations (n=22) were 102±16.0 and 110±16.6 µg/m 3 and mean emissions (n=20) were 1.15±0.21 g/d-AU and 1.37±0.18 g/d-AU in B7 and B8.
Odor Concentrations and Emissions
The overall mean of ODC b was 39.2±3.8 ppb was close to 40 ppb recommended by the EN 13725 standard (CEN, 2002) (table 5) . The odor concentration in B7 ranged from 233 to 1620 OU/m 3 ( fig. 6 ) and averaged 519±162 OU/m 3 (n=21). The odor emission rate ranged from 6.97 to 72.3 OU/s-AU and averaged 23.5±9.07 OU/s-AU (n=21).
In trial 1, full barns existed during four of the five odor sampling events. In B7 and B8, mean odor concentrations were 292±129 and 206±145 OU/m 3 , and mean odor intensities were 3.41±0.39 and 3.37±0.38 ppm BIW and mean odor emission rates were 19.0±18.4 and 9.1±9.1 OU/s-AU respectively. In trial 2, the mean odor concentrations (n=6) were 990±406 and 698±328 OU/m 3 , mean odor intensities were 3.42±0.08 and 3.42±0.15 ppm BIW, and mean odor emissions were 20.8±7.42 and 14.4±7.31 OU/s-AU. In trial 3, mean odor concentrations (n=4) were 615±289 and 556±281 OU/m 3 , mean odor intensities were 3.26±0.30 and 3.19±0.33 ppm BIW, and mean odor emissions were 25.1±41.4 and 22.5±24.7 OU/s-AU. In trial 4, mean odor concentrations (n=4) were 332±109 and 254±100 OU/m 3 , mean odor intensities were 3.28±0.13 and 3.15±0.17 ppm BIW, and mean odor emissions were 62.6±24.1 and 46.1±33.1 OU/s-AU in B7 and B8.
DISCUSSION

Effect of Soybean Oil Sprinkling
The soybean oil test was conducted in two sequential trials. The number of nozzles was doubled in the second trial to increase the floor coverage since only 1/3 of the floor was covered by the oil in trial 1. The TSP emission from B8 was 63% lower than B7 in trial 1 and 35% lower in trial 2. Similar reductions in TSP were observed in several previous studies with various methods of oil application. Most of the research studied total dust (inhalable dust), whereas this project measured the effect of SOS on PM 10 emission rates. There were 67 and 70% lower PM 10 emission rates from B8 in trials 1 and 2 respectively. Based on these results, SOS can significantly suppress PM emission rates.
Ammonia emission was observed to be 20 and 23% lower (p<0.05) in B8 in trials 1 and 2. This result corresponded to Zhang et al. (1997) who reported 30% less NH 3 by canola oil sprinkling. Although the 20 to 23% difference was significant, further studies with replicated treatments should be conducted to confirm this effect. NHC emissions were observed to be 40 and 43% lower (p<0.05) in B8 than B7 in trials 1 and 2. However, the result should be considered preliminary because there were no other studies to compare these results and the treatments were not replicated. Hydrogen sulfide was not significantly affected by SOS in trial 1 and was actually 29% higher (p<0.05) in B8 in trial 2. Godbout et al. (2001) also reported no reduction of H 2 S, but Zhang et al. (1997) observed a 27% reduction of H 2 S by canola oil sprinkling.
A positive effect on odor emission by oil sprinkling was expected because PM (an odor carrier) and NHC (consists of odor molecules) were lower in B8. However, a statistically significant difference was found for odor only in trial 2 with 30% lower emission rate in B8. The high variability and small number of odor samples may have caused an unfortunate lack of statistical power. Although a difference in NHC emission was observed, it is not known whether odorant or non-odorant hydrocarbons were affected. Also, some odorants may have reacted with the oil to produce more odorants. It was noted that a strong odor was detected after the oil accumulated inside the barn over time.
Effect of MEO
The NH 3 emission rate from B8 with MEO was 21% lower (p<0.05) than B7. B8 showed lower (p<0.05) odor concentration, emission rate, and intensity but the differences were not significant. However, HT was significantly improved in B8. This might have been caused by the stronger scent of essential oils that marked the barn odor thus somewhat mitigating the nuisance. There were no significant reductions of H 2 S, NHC, TSP or PM 10 with MEO application.
Effect of Misting Essential Oils and Water Mixture
Ammonia emission rate was 19% lower in B8, similar to essential oils alone (trial 3). All other variables (NHC, TSP and PM 10 ) were similar between control and treated barns. For gas and PM measurements during this period (6/24 to 7/16) with higher ambient temperatures, much lower concentrations were observed in both barns due to higher ventilation rates. Low concentrations caused analytical difficulties when they became lower than the minimum detection limit (MDL) of the analyzer. In trial 4, the daily mean NHC concentrations ranged from 0.2 to 24 ppb in B7 and from 0 to 11 ppb in B8. The maximum concentrations were lower than the analyzer MDL of 50 ppb, thus increasing measurement error. In this case, the comparison between barns is more reliable than the absolute values. B8 exhibited lower odor emission rates but the difference was not significant. Odor intensity was significantly lower and HT was improved in B8.
The observations in this study support the conclusion that SOS significantly reduces PM emission rates, while MEO only improved HT. Further research is needed to investigate the microbiological and chemical reactions between odorant compounds and essential oils.
Baseline Gas, PM and Odor Concentrations and Emission Rates
The average daily mean (ADM) NH 3 concentration and emission rate were 17.9 ppm (n=132) and 8.18 kg/d (n=125) respectively at B7 (CDFB only), with a mean outdoor temperature of 6.5 o C (table 2) . The average annual temperature at the measurement site is 10.4 o C based on weather data collected from 1971 to 2000 (ggweather.com/normals/mo.htm). The concentration was higher and the emission rate was lower than reported by Ni et al. (1998) who conducted similar field tests in deep-pit finishing barns and reported a mean concentration of 5.6 ppm and an mean emission rate of 11.2 kg/d during summer. The mean temperature for this study was 21.8 o C. Jacobson et al. (2003) observed a much lower ADM concentration and emission rate from deep-pit barns over a 2-week period. The ADM concentration was 8.5 ppm and 1.64 kg/d during the winter (6 o C) and 5.1 ppm and 5.18 kg/d during the summer (24 o C ) while 8.18 kg/d was observed in this study at an average temperature of 6.5 o C.
The daily mean NH 3 concentration was directly proportional to pig activity and inversely proportional to both indoor and outdoor temperatures (table 1). The ventilation rate was controlled to maintain indoor temperature, and higher temperatures led to higher ventilation rates that diluted gas concentrations.
The mean H 2 S concentration and emission rate were 98 ppb (n=153) and 0.72 g/d-AU (n=129). They were both much lower than the mean concentration of 173 ppb and mean emission rate of 8.3 g/d-AU measured at a mechanically-ventilated swine finishing barn with deep pit manure storage (Ni et al., 2002) . It is obvious that using flushing to remove manure every few hours suppresses anaerobic reactions resulting in lower indoor H 2 S concentrations. However, there were H 2 S concentration bursts that occurred simultaneously with manure flushing. The reduction in barn emissions of H 2 S by removing fresh manure quickly was partially offset by using effluent from the anaerobic lagoon to flush the barns. Increasing total live mass resulting in more manure production apparently increased H 2 S concentrations and emissions (table 2) . The emission rate was directly proportional to indoor and outdoor temperatures and ventilation rate and indirectly proportional to pig activity, which decreased in warm weather.
The mean NHC concentration and emission rate were 259 ppb (n=98) and 3.25 g/d-AU (n=92). There was a positive relationship between the daily mean NHC concentration and pig activity. The daily mean NHC concentration was inversely proportional to temperature. Higher temperatures during summer (June-July) resulted in higher ventilation rates, thus a much lower NHC concentration (fig. 4) . The correlation of NHC emissions was generally opposite that of NH 3 and H 2 S, for unknown reasons.
The mean TSP concentration and emission rate were 1424 µg/m 3 (n=73) and 6.1 g/d-AU (n=70) whereas the mean PM 10 concentration and emission rate were 334 µg/m 3 (n=83) and 1.6 g/d-AU (n=75). The mean emission rate of 231 g/d (10.1 o C) was comparable to a deep-pit barn where mean PM 10 concentration and emission rate were 510 µg/m 3 and 166 g/d in winter (6 o C) and 90 µg/m 3 and 269 g/d in summer (24 o C) (Jacobson et al., 2003) . The daily mean PM concentrations were inversely proportional to temperature and ventilation rate. PM concentrations and emissions were directly proportional to total live mass and pig activity.
The overall geometric mean odor concentration and emission rate were 519 OU/m 3 (n=21) and 23.5 OU/s-AU or 4.51 OU/s-m 2 (n=20). The odor concentration was higher than 142 OU/m 3 measured at a deep pit barn by Heber et al. (1998) , but the odor panel sensitivity was probably lower due to the lack of reference odorants in 1998. The emission rate was lower than 36 OU/s-AU reported by Heber et al. (1998) , but this was expected because of daily flushing. Samples were collected over 2 to 3 min so the samples represented odor emission over very short periods. OC E was directly proportional to hourly mean CO 2 and CH 4 , but was not significantly related to odor intensity and HT (p<0.05) (table 5).
Flushing manure pits increased odor over the period of the flushing event itself. During one monitored event, odor concentration increased from 694 to 1494 OU/m 3 , or about three times higher than the odor concentrations during non-flushing times. Odor emission rates were directly proportional to the hourly mean indoor and outdoor temperatures and ventilation rate, similar to that observed by Heber et al. (1998) .
Recent enforcement actions and new regulations indicate that Clean Air Act and reporting requirements of the Comprehensive Environmental Response, Compensation and Liability Act (CERCLA) apply to animal facilities. The CERCLA requires reporting of emissions over 45 kg/day (100 lb/day) of hazardous substances including NH 3 and H 2 S. In this study, the maximum daily NH 3 emission was 14.1 kg (n=125) from one barn containing about 1100 pigs, thus 3542 pigs would trigger the reporting threshold at this rate. The maximum daily H 2 S emission was 0.46 kg (n=129) and 108,600 pigs would trigger H 2 S reporting. However, these calculations do not include the lagoon emissions of NH 3 and H 2 S (Lim et al, 2003) .
Annual emission factors are needed by regulators to calculate whether facilities exceed regulatory thresholds. In this study, the average TSP, PM 10 and NHC emission rates were only about 325, 84, and 153 kg/yr. However, mean emissions calculated in this study only for CDFB conditions do not properly represent the annual emission factor, because partially-occupied and temporarily empty barns are typical. The estimation of annual emission was beyond the scope of this study. 
